OBJECTIVE -The present investigation used data from the Verona Diabetes Study to verify a main assumption of the capture-recapture method (source independence) and to characterize the subgroup of known diabetic patients missed by all sources whose number is estimated by the capture-recapture method.
T he capture-recapture method allows researchers to correct the estimate of an unknown population size by combining the information from at least 2 sources of identification (1, 2) . When the degree of overlap between the different sources is low, the unknown population size is estimated to be much larger than the value actually observed (a low proportion of ascertainment); in contrast, when the degree of overlap is high, the proportion of ascertainment is also high. This method relies on 2 basic assumptions: 1) the sources of identification should be independent (2-4), and 2) the probability of identifying an individual from any particular source should remain constant in different subgroups within the studied population (constant catchability) (4) (5) (6) .
The capture-recapture method has been extensively used in the epidemiology of type 1 diabetes, and a high proportion of ascertainment was reported in most studies (usually Ͼ90%) (7) (8) (9) (10) . This method was seldom applied to the epidemiology of known diabetes as a whole (4, 11, 12) , and lower proportions of ascertainment were found that ranged from 80 to 91%. So far, completeness of ascertainment has not been specifically addressed through the capture-recapture method when assessing the prevalence of type 2 diabetes, which is more likely to be underdiagnosed and undertreated by the health care system than type 1 diabetes (13) .
Some authors maintain that the capture-recapture method can also be applied when the proportion of ascertainment is much lower and that this statistical method is more cost-effective than field surveys and patient registries in the assessment of disease prevalence (14) . However, other authors (15) (16) (17) (18) question the usefulness of the capture-recapture method for several reasons. First, the assumption of source independence is often violated in practice, and this can have deleterious consequences, particularly when only 2 sources are available. Second, the scientific validity of the subgroup of patients who are not ascertained by any source of identification and whose existence is inferred from the capture-recapture method is highly questionable. These patients probably have unusual characteristics because they are never seen by a physician, they never buy medication, and they do not attend specialty clinics (18) . Finally, with most methods, the CI, which reflects random variability, is very small compared with potential systematic errors that could be hidden in a particular model (19) . For example, in the survey performed in Casale Monferrato, Italy, in 1988, the number of prevalent diabetes cases was estimated to be 2,283 (95% CI 2,240.7-2,325.3) in one article using Chapman' s estimator (11) and 2,586 (2,341-2,830) in a subsequent article using the log-linear model, which allows researchers to consider source dependence and variable catchability (4) . The CIs obtained with the 2 statistical approaches, although based on the same data, did not even overlap.
The current research joins this debate by applying the capture-recapture method to the Verona Diabetes Study, which is a population-based survey on the prevalence of type 2 diabetes in Verona, Italy (20) (21) (22) . In particular, the present study aims to verify the assumption of source independence and evaluate possible related bias, verify the assumption of constant catchability to estimate the characteristics of those patients not identified by any source whose existence is inferred from the capture-recapture method, and compare the range of CIs to the variability of point estimates resulting from possible systematic errors.
RESEARCH DESIGN AND METHODS -
The design of the Verona Diabetes Study has been described elsewhere (20) (21) (22) . Briefly, this survey used 3 different sources of ascertainment to assess the prevalence of type 2 diabetes in the Social Health Unit of Verona on 31 December 1986: family physicians, the local diabetes center, and the drug prescription database for 1986. The family physicians who agreed to participate in the survey (78%) were asked to provide a list of all of the diabetic patients they had in charge and to report all of the diabetic patients they visited in the subsequent 4 months. The diabetes center provided a list of all the patients registered in the clinical records. The first referral to the diabetes center was determined by family physicians according to their personal opinion, and subsequent visits were scheduled by the physicians at the diabetes center. In the drug prescription database, only those patients with at least 2 prescriptions within 6 months were identified as having diabetes (20) . The present investigation focused on the 7,148 type 2 diabetic patients identified by the 3 sources altogether. These patients were means ± SD 66.6 ± 11.2 years of age, had a slightly larger proportion of women (n = 3,782, 52.9%) than men, mostly lived in Verona (n = 6,456, 90.4%), and had a mean time since diagnosis of 10.0 ± 7.2 years. Most patients were treated with oral agents (n = 5,821, 81.4%), 860 patients (12.0%) were treated with diet, and 437 patients (6.1%) were treated with insulin alone or with insulin in combination with oral agents.
The capture-recapture procedure was applied first with simple traditional methods such as Chapman' s estimators (1, 2) and then with a more sophisticated technique, the log-linear model (3, 4) .
Traditional methods provided an estimate of the unknown size of the diabetic population by 3 different procedures. The first procedure involved only 2 sources at a time and used Chapman' s equations (1):
where nЈ is the estimated number of cases in the target population; n 1 and n 2 are the cases identified by the first and second data sources, respectively; and m is the number of cases ascertained by both sources. The second procedure involved contrasting 1 source with the combination of the other 2 sources and applying Chapman' s estimator.
The third procedure involved all 3 sources separately (2):
where nЈ is the real number of cases (identified and not identified) in the target population estimated by the 3-source model; n 1 , n 2 , and n 3 are the cases identified by the first, second, and third data sources, respectively; and n is the number of distinct cases ascertained by all sources. The equation to compute nЈ is a second-degree equation, and hence it has 2 solutions, 1 of which is rejected as being lower than n. The proportion of ascertainment was the actual number of cases observed divided by the estimate of the total population size according to the capture-recapture method.
Independence between 2 sources was tested with a 2 test using the subjects identified by the third source (2) . The assumption of an equal probability of listing for a given source across the study population was checked for sex, age (Ͻ62.9, 62.9-72.8, and Ͼ72.8 years), site of residence (downtown vs. rural areas), time since diagnosis (Ͻ6, 6-12, and Ͼ12 years), and treatment (diet, oral agents, or insulin). The hypothesis of statistical independence between each source of identification and each stratifying variable was tested with a 2 test.
The extent and the consequences of source dependence and different degrees of catchability were also evaluated by a loglinear model that investigated not only firstorder but also second-order interactions among sources and stratifying variables. Moreover, this approach allowed an accounting of these potential sources of bias when estimating the unknown population size.
Because of empty cells, simultaneously analyzing the effect of the 3 sources of identification and the stratifying variables was not possible, so 6 different initial models were analyzed. They included the 3 sources of identification alone or in combination with each of the stratifying variables (sex, age, site of residence, time since diagnosis, and treatment). The best-fitting log-linear model was selected through a backward selection strategy (4) using a modified version of the program published by Cormack (3) . The estimates of the number of diabetic subjects in the empty cells were computed as the antilog of a linear combination of the parameter estimates, whose variance was the algebraic sum of the elements of the variance-covariance matrix.
RESULTS -The distribution of type 2 diabetic patients according to identification sources is presented in Fig. 1 . The ellipse representing the drug prescription database is largely superimposed over the ellipse representing family physicians, but it is rather apart from the ellipse representing the diabetes center. This pattern was confirmed when dependence between 2 sources was checked for the patients identified by the third source. In particular, a strong positive dependence was observed between family physicians and the drug prescription database (P Ͻ 0.001) with the number of cases identified by both sources exceeding by 96% the number expected under the null hypothesis. In addition, a remarkable negative dependence occurred between the diabetes center and the drug prescription database (P Ͻ 0.001) because the number of patients identified by both sources was lower than expected by 25%. Furthermore, a mild departure from the independence assumption was also found for the relationship between family physicians and the diabetes center because the number of cases ascertained by both sources exceeded the number expected by 5.8% (P = 0.004). These source dependencies were also significant in the log-linear model.
The consequences of source dependence on the estimation of population size are depicted in Fig. 2 , which reports the observed value (n = 7,148) together with the estimates of the number of diabetic patients when applying traditional capture-recapture methods to 2 sources of data, to 1 source versus the other 2 combined, and to 3 sources or when applying the log-linear model to 3 sources. A great uncertainty in the results was evident when using just 2 sources of identification because the estimates of the prevalence of type 2 diabetes varied from 5,517 (5,438-5,597) when considering family physicians and the drug prescription database to 14,383 (13,728-15,038) when considering the diabetes center and the drug prescription database (Fig. 2) . Likewise, completeness of ascertainment was overestimated (87.5% [86.3-88.8]) when using only family physicians and the drug prescription database and underestimated (45.9% [43.9-48.1]) when using only the diabetes center and the drug prescription database. The 95% CIs for the estimates were very narrow regarding variations in the point estimates, which suggests that random variability may be much lower than systematic biases. The uncertainty in the point estimates decreased with increasing amounts of information implemented in the traditional capture-recapture method, and a final estimate of 8,875 cases (8,743-9,007) was obtained when using all possible information. The log-linear model yielded a slightly larger estimate (n = 9,345; 8,954-9,820) that suggests that, in the Verona Diabetes Study, positive dependencies among sources slightly exceeded negative dependencies.
The correction methods mentioned above remarkably affected the estimates of type 2 diabetes prevalence. The crude prevalence of type 2 diabetes in the whole population of Verona when assuming full ascertainment was 2.37% (2.32-2.42). (A slightly higher value, 2.49% [2.43-2.54] had been reported previously [20] because the analysis had been restricted to that part of the Verona population [81%] cared for by family physicians who agreed to participate in the survey.) The traditional capturerecapture method applied to the 3 sources yielded an estimate of 2.94% (2.90-2.99), which increased to 3.10% (2.97-3.26) when using the log-linear model.
All sources presented variable catchability regarding some stratifying variables (Table 1) according to the 2 test. Type 2 diabetic women were more likely to be identified by family physicians and the drug prescription database than men. The diabetes center preferentially ascertained patients in the low and middle tertiles of age, whereas the drug prescription database preferentially ascertained patients in the upper tertile of age. Patients living outside of the main town had a greater likelihood of being identified by family physicians and the drug prescription database, and patients with a longer duration of diagnosed disease had a greater likelihood of being detected by the diabetes center and the drug prescription database. The diabetes center and family physicians preferentially ascertained insulintreated patients; 16.2% of patients treated with diet were identified by the drug prescription database because of occasional drug use. Analysis with a log-linear model not only reached statistical significance for all first-order interactions between each source and each stratifying variable but also highlighted significant second-order interactions involving 2 sources (diabetes center and DIABETES CARE, VOLUME 23, NUMBER 6, JUNE 2000 761 Table 1 , the probability of ascertainment estimated by the capturerecapture method was markedly affected by time since diagnosis and treatment. The completeness of ascertainment was estimated to be 65.6, 79.5, and 91.5%, respectively, in the first, second, and third tertiles of time since diagnosis. Moreover, according to the capture-recapture method, the survey identified nearly all of the patients treated with insulin (97.9%) and most of the patients treated with oral agents (84.2%) but only a minor fraction of patients treated with diet (28.9%). Probability of identification was slightly higher for women and patients Ͼ63 years of age, whereas it was comparable for people living in the main town or in rural areas.
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Figure 1-Prevalent cases of known type 2 diabetes in the Verona Diabetes Study by source of identification.
Figure 2-Estimates of the number of type 2 diabetic patients in the Verona
CONCLUSIONS -
The main results of the present study are as follows. First, assumption of source independence was not met in the Verona Diabetes Study. In particular, the type 2 diabetic patients in the drug prescription database were positively related to the patients on the lists of family physicians who prescribe drugs. Instead, a negative dependence occurred between the diabetes center and the drug prescription database, probably because patients attending the diabetes center could obtain drugs directly from the center itself without prescriptions from a family physician. Thus, this drug consumption was missed by the drug prescription database, which recorded only prescriptions made by family physicians and used by patients to obtain drugs freely at the pharmacy.
Second, source dependence had a great effect on point estimates of population size (i.e., on estimates based on a single value). The variability of point estimates elicited by this bias largely overwhelmed the range of the CIs, especially when the capture-recapture method was based on only 2 sources of identification (Fig. 2) . In most articles dealing with diabetes epidemiology, this method had been applied using only 2 sources of identification (7,10), which does not allow evaluation of completeness of ascertainment.
Third, variable catchability took place across the Verona diabetic population because the probability of identification changed as a function of all of the stratification variables considered (sex, age, site of residence, time since diagnosis, and treatment). When these findings were extrapolated to type 2 diabetic patients who were not identified by any source and whose existence was inferred from the capturerecapture method, the latter were described as patients with newly diagnosed diabetes of mild severity. Interestingly, the degree of ascertainment by treatment method was proportional to the number of visits per year among patients attending the diabetes center: from 1986 to 1987, this number
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Capture-recapture in diabetes epidemiology In the Verona Diabetes Study, the probability of ascertainment was enhanced by a high probability of seeking services for diabetes and by a high probability of reporting a diagnostic code for diabetes for those services. Indeed, in Italy during the 1980s, diabetic patients could obtain virtually all health services and drugs free of charge through the national health care system. Moreover, the use of the diagnostic code for diabetes was necessary to receive services and drugs free of charge.
The analysis of source dependence highlighted a poor integration among different levels of diabetes care in Verona. Indeed, most of the patients registered by the diabetes center were not reported by family physicians either because they were treated by family physicians not collaborating in the Verona Diabetes Study or because they did not visit their family physicians for 4 consecutive months. This observation prompted us to implement a project of integrated care involving both family physicians and the diabetes center that is now in progress.
Generalizing the present findings to different populations and to different health care systems is difficult because many features of the Verona Diabetes Study were specific not only to a particular area but also to a particular time period. The pattern of source dependence observed in the Verona Diabetes Study was similar to the pattern observed in other surveys on known diabetes prevalence performed in central northern Italy at the end of the 1980s (4, 23) . However, different patterns of source dependence were observed in other countries (8, 9) . Moreover, the negative dependence between diabetes centers and the drug prescription database observed in 1986 has probably faded away because diabetes centers are no longer allowed to deliver drugs freely to their patients because of financial restrictions. Regardless, a strong recommendation resulting from the present findings is to apply the capture-recapture method with extreme caution and only after acquiring deep knowledge of the local health care system and social habits.
In the Verona Diabetes Study, completeness of ascertainment for type 1 diabetic patients defined by age at diagnosis and treatment (20) was much higher than for type 2 patients (97.2 vs. 75%). According to the capture-recapture method, the number of type 1 diabetic patients was 211 (206-216), a value close to the number of patients identified by the 3 sources (n = 205). Hence, applying the capture-recapture method to the type 1 and type 2 diabetic populations separately seems wise versus applying it to the overall population of known diabetic patients. Moreover, to estimate the proportion of ascertainment for type 2 diabetic patients, mixing at least 3 sources of identification seems preferable, as does using a log-linear model. This model allows researchers to consider dependence between sources and variable catchability (4) and yields a broader range of CIs that are more adequate to reflect the uncertainty inherent to the capture-recapture method. Interestingly, when using this procedure, the prevalence estimates obtained in the Verona Diabetes Study were consistent with other estimates obtained in central northern Italy at the end of the 1980s (4, 23, 24) .
In conclusion, the assumptions of the capture-recapture method were not met in the Verona Diabetes Study because the sources of identification were not independent, and the probability of identification changed as a function of sex, age, site of residence, time since diagnosis, and treatment. Source dependence elicited a great instability in prevalence estimates, particularly when using just 2 sources of identification, and instability in point estimates largely exceeded the range of CIs. People missed by all sources seemed to be patients with newly diagnosed diabetes of mild severity.
The present results suggest that application of the capture-recapture method to diabetes epidemiology requires preliminary knowledge of the social context and health care system. The assumptions of source independence and constant catchability should be verified, which has been seldom done in the current literature (4, 8, 9, 23) . Because no mathematical way exists to verify the independence of 2 sources of identification without a third source (4, 8) , the combination of at least 3 sources is recommended. However, 2 sources may work as well when the investigators are absolutely certain of their independence according to past experience, deep knowledge of the local organization of the health care system, or current literature. Until an external validation of this method is available, the estimates obtained should be viewed with caution.
